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I. SUWA4RY OF RESEARCH UNvDER THE. CONTRPACT

4INTPODUCTION

Research under the yellow line contract may be divided conveniently
Into three pbasee ,.of which each phase -ias unde.r the sirpervision of Dr.
W. 0. Roberts, Dir'ebtor~of the Observatory. In the f"Irst phsz~are, Roberts
was assiat&d by F. P. Dolder and Pruno Witte In conducting thre researeh
and by D. E. Billings in preparing publication of the results. In the
second part, Roberts was assisted by Billings, R. P1. Cook, D. H. Liebenberg,
and R. Grenchik. Work under the third phase of the, program was carried
out by Roberts, Billings, and C. W. Pecker.

In the following paragraphs research done under each of the phases
is described in detail* The numeral notations refer to the publications
listed by number under the section, "Reports Issued".

PHASE I.- YELLOW CORONAL LINE, FLARES, AND ACTIVE PROMINENES,

Dolder and Witte first made a careful- eimmination of all Climax
and Sacramento P-ak spectrogrims to idertify all cases of tthe rarely-
observed yellow line. They tabulated all instances cf the enission lizie
togcther with position angles ane Intensities. Ney-t they ~)repared a

* catalog In which the yellov line frnteusities were ploetted an a function
of an-le alonQ the solar limb. in addition thje coronal re,ý line andi
coronal green live isophotes were plotted for the active repions ftn
which the yellow line emission appears; flares were indicatei, and a
print of the prominence on the limb at the time and place of yelljov
line emissiorn was -Included. .A1 of these data were Inclu~ed inl a single
composite diagram for each yellow litie *"ns.6

Tuo analyses were next- applied to the accainnilated yellowr 11Ins data.1

The first wae a study of t~he relation~ship of yellow line eminsion to solar
fltares at or near the l-imb at the tim6i of yellow line emission. The study
ah(Ned clearly that there was a hi gli corrr-pondernce, far too great to be
the resi~lt of ~hlance, between yellow lir~e emnsIor. -and flares occuring,
within one day and within five degrees of the po'int -.n) the limb at which
the yellow line wis obnerved. The correspondence tine so high, as a Matter
of fact., that It is quite likely that there 11; q ons.-to-one correspondence
between li.mb~ fla'res and yellow line emsinP- 11hie possbilit must
be considered, however, Jn the light of the fact that ther-e has been only
a very litnIted number of hours of oi~scrvatiori of the yellow-Itne ano its
time and pos tion-asaocciated fllarer,.

The second analysict Inivolved a -7tudy of t~he eharacter.istIcs of the
prominences associal~ed with yellew lI-ric emission, Promincnoe films from
the H1igh Altitude Observator~y we-re ~nlzdin detail,, and a list of
prominence characteristios were ev~ilivtcd with, e-espect to their relative
iv.-port-qr~ce In dencri-bIrj the !'rontincrice, corresponding to each yellow 11ne

cac. Thp, study shnwed that- thr !Ithara-tqristic-s of yrelklow lin~e pr'ominences



- - , '

were those that had previously been associated with active sunspot regions
matter forming in space and following sharply curved trajectories downward,
broken knots of matter, focussing of matter, and surges. The features
were in general these that indicate large electric and magnetic fields in
the 'olar atmosphere.4

-FUSE II.'" STRUCTURE OF THE SOLAR CORON&

Results obtained under the first part of the yellow line program had
8uggested magnetic fields extending outward from regions of sunspot and
flare activity. In the second part of the program we analyzed the effect
such fields would have ons(a) the emission line corona, in directing
matter outward from active centers to form regions of high red line and

green line e.vission5  nd (b) tbe white light corona in forming coronal
streamers. In par't (a), Roberts was assisted by Cook, Billings, and
Liebenberg; in part (b) by Billings and Grenchik.

In the study of the emission-line corona, several regions in the
corona were selected that maintained their identity as sources of red and
green emission over a period of several solar rotations. From• a study
of the detailed behavior of these regions we were able to say that the
evolution of a typical coronal region probably develops along the
fo]lowing pattern: After intense flare activity, the coronal region
becomes significantly brighter in both red and green line emission.
During the ensuing several weeks, the total emission in both lings
declines, but the ratio of green to red line emission increases.9
Furthermore, the isophotal contours of both red and green emission
spread outward with a velocity of the order of one kilometer per second.
Oum interpretation of these phenomena is t.hat matter is ejected outward
from the active center at the time of groat flare activity and that it

spreads outward slowly from this center. 7 , 8 Data for this study were
coronal!/6pectra taken at Climax and Sacramento Peak.

The study of the white light corona was based on photographs ard
sketches of coronal rays and streamers that have been observed at
ecllpsen over mary years. We investigated ths possibility that the
formation of the ttreamers resulted from the focussing of m-ater by
various combinations of megnetic fields: (I) by the interaction of
like fields from hwo active centers, (2) by t.Ce iniberaction of active-
center field.s an.d a general solar magnetic fleld. As a resutt of these
studies we coneluded that no simpls magnetic focuaving by active centers
was a1dequate to eVlain the detailed shape of the coronal streamers but
that the shape could be eFplalned by considering an interaction of the
mechanical energy of matter ejected from the sun with active-center and
general magnetic fields. 9 , 1 0

PHASS III.• MINE PROFILE ANALYSIS OF AC.TrIVE CE? R PHENOMENA AMD IDENTIFICATION
OP YZLOW COIONAL LINE .

The apparent Increase of the ratio of green to red line emission in



coronal regions, rioted In our description of the second part of the yellovII ~line program, im~plies a gradual Inc-gase In the temperatures of the coronal
* regions. 'In attempting to find a source of energy to eiplain this

heating, we mvde a detailed study of the shape of coronal lines in the
artive ceriters, uasing the new H&O electronic null-method microphotometer.

u- .n~dy develo)ped in-to two distinct progrc .s& (a) a study of the Doppler
distort~ons ofP the red coronal line in cent~r2 of great activity; and (b)
a sbutdy of theý profile ofl the yellow line, and of a companion line at ) 5446,p
for identification of th.3 atom responsible for the yellow line.

From the red line study we found that most red line emission gave a
11ir1e profile from vh~ich the computed coronal temperature agi eed very
closely with that found by Lyot and Doilfus, about two million degreesii Xelvin. In certain exceptional cases., however, the red line undergces
a great distortion, implying either isotropically distributed mass-
motion velocities of up to 60 km/sec. or temperatures as high as
fifteen million degrees. We also noted a curious correlation between
broadening of the red coronal line and broadening of the prominence lines,
H o(and hellumD 3oL

'the work on the Identification of the yellow line fell, in turn, into
two parts, The first part invol ved a s t udy of the line profiles of the
:yellia line in one case in whrich this line was of sufficient IntensityfoIre!emcrpooer.Fompoie fteylord n
goree 1o p o nI~ aicropooalr sc ro phooroailed of the yaellw rdy and )a~n
#j.4e asseumt-tion tha~t tho three lines originated from gas at the same
teipe rattura wdtemNod that the atomic weight of the atom emitting
the yellov 1)Ine wau approximately 40-the atomic weight of calcium. InU th ~ieondpart of the study we loo~ked 4'Or and found a companion to the
Yelliow li1ne, previously r~eported by Waldmal1er at X 5445. By the use of
caref2L. raicrophotometoric techniques we were able to measure the intensity
of t5hi!3 line, finding it about 2/3 as intense as the yellow line. This
was vithin tile range of intensities that had been predicted for the
coimpanion of the yellow line, provided that the two originated from Ca XV--

Edlen's orIginal ident-Ification of the line. 1 2

Our evidonce a,.pporting the Ca XV Identification of the yellow line

impotan qustiop sncetheIonization potential of the Ca XV Ion is
seveal ime hihertha tht o the Fe X and Fe XIV ions whi ch emit

theredandgrer,11n~srespectively. An important question is raised
by hisreslt nd y te aparntcorrelation between the broadening
of te rd cronl 11o wth hatof the prominence lines, which arise

frmaosta r oie tol a few volts. The question io this:
la t pssileforan ofroateofions to exist for a short time (one

or two hours) at temperatures too higRh for those Ions to rerrain (becatise
of ionization ocý recombiriatlon) ft,. longer periods of time? The question
can be answered only by furthor knowledge of the coli slonal propertiet
of the ionn. Suceh 'knowledge Is not avaiirfflo froi la&-cratory sprw~a
tion, sincc tht,. otateo of Ionization with v~IVch 'we are dealing ex'1:t at
temperatu;res of 9evoral mllll~on decrrees, The phenomona wo? havie ojbZ3r.VEd
in our Yellow Linn prorgram, howo'er; tray ylul)d faikm~ ta nowli~deý-,k about
the nature of hi-h~ly ioniz(ed atc,;ml In ~~~



II. APPLICATIONS HD DIRECTIONS OF FTU RESEARCH

Through the Yellow Line project we have made a number of important
and interesting contributions to the body of knowledge concerning the
solar corona. We have also uncovered a host of new questions, even more
important and interesting than those that confronted us at the beginning
of the project. We have developed microphotometric Lechniques that make
accessible to us a vast body of information in our library of coronal
spectrograms. It is our opinion that a project for attacking these new
problems, using the new techniques, will be extremely fruitful in developing
interpretations of active-region phenomena at the bolar surface and in
the corona. These active-region phenomena, in turn, are closely related
to practical problems of ionosphere and upper atmosphere.I• The work done under the contract, and that suggested in broad terms
for the continuation under ONR auspices of a related project, embraces,
in the strict sense of the wor, basic research. It is basic in the sense
that our effort under this program is directed toward an enlargement of
our unlerstanding of solar processes, toward the development of theories
that explain the physical relationships that exist among diverse solar
phenomena. On the other hand, even though our approach involved strictly
basic research, the results achieved represent very I.portant progress
toward 'Ie solution of problems of practical significance.

Ths identification of the yellow coronal line as Ca XV sugges~s
temperati.res and pressures in active regions of the corona well above those
thal vwýve previously believed to exist. Our theory of coronal formation,
moreover, postulates a continuance of these conditions in an active region
over a time period very much longer than the life of the solar flare that
we presume to be associated with the physical process involved in heating
the corona. This Irdicates the possibility that Increases in D-region
ionization resulting in complete radio fade outs are caused by X-rays
from the corona itself since such increases are also longer lived than
the flare, Rocket obnervations made by Chubb and otherc at NRL, furthermore,
suggest enanges of X-ray intensity near 5 Angstroms by factors as large
an several hundred.

The coronal-formation theory postulates, as we have explained before
that hot coronal gi.ese diffuse slowly out (approximately I km. per second5

from an a-.tive center, Solar radio-nolse observations tend to support
the view that magnetic fields extend at right angles to the surface of
the advancing frcnt of coronal gas. There is a possibility the magnetic
fields assoclateo with active regions can be rourhly determined by
constructing a plot of coronal-Intensity contours - something we are
already doing on a routlne basis in our data-reorting program. This
would represent a research development of great importance, especially
since at present Jt appears virtually impossible to moeaure directly the
magnetic fielda in the solar atmosplore above active -ireas.

If we hi)., Information on active-centor mngnxtie fipIds, we will
probably be "I ie to say something more definite alout the magnetic

-4-



focussing of corpuscles ejected by the active repions. This question
becomes one of special importance near sunspot maximum when the active
regions themselves appear to be the major factor in the production and
ejection of corpuscular particles. Thus we appear to have developed an
approach, that merits intensive further study, to the question of prediction
of corpuscular outbursts during high-activity levels of the spot cycle.
This in turn may be very important in prediction of the planptary
geomagnetic index, K , and thus of ionospheric storms in the F region
as well as disturbanges in the "corpuscular E region" in polar latitudes.

III. REPORTS ISSUED

A. A number of papers, arising directly out of the work of the contract,
have been published in the technical journals, and, in addition,
we have issued both technical and special reports under the contract.
A list of the papers and reports follows:

1. Dolder, F.P., "Solar Activity and the Yellow Coronal Line
5694 A", HAO Trchnical Report, 10 November 1952.

2. Roberts, W.O. and Dolder, F.P., "Solar Limb Flares and the
Yellow Coronal Line"(A), Astron. L8, 37, 1953.

3. Dolder, F.P,, Roberts, W.O., and Billings, D.E., "Solar Flares
and the Yellow Coronal Line", Ao J_., 119, 120, 1954

4. Dolder, F.P., Roberts, W.O., and Billings, D.E., "Active
Region Prominences and the Yellow Coronal Emission Line",
U J.., 120, 112, 1954.

5. *Roberts, W.0., No Title, HAO Solar Research Memorandum No. 7,
10 October 1953.

6. *Billings, D.E., "Evolution of Red and Green Line Emitting
Coronal Regions",, HAO Solar Research Memorandum No. 17, 28 May
1953.

7. *Billings, D.E., Roberts, W.O., and Liebenberg, D.H., "Expanding
"Gas Model of the Corona", HAO Solar Research Memorandum No. 19,
24 August ]953.

8. Billings, D.E., Liebenberg, D.F., and Roberts, W.O., "Evolution
of Coronal Regions"(A), Astron. J. L8, 211, 1953.

9. "Roberts, W.O., Grenchik, R., and Billings, D.E., "Oripin of
White Light Coronal Streamers", HAO Solar Research Memorandum
No. 20, 1 September 1953.

10. Roberts, W.O., Grenchik, R., and Billings, D.E., "0ririn of
Whit e-Lipht Coronal Streamers"(A), Astron, J., 58, 225, 1953.
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11. Billings, D. E., Pecker, C., and Roberts, W. O., "Study of the
Broadening of Coronal Lines in Active Regions", HAO Solar
Research Memorandum No. 23, 3 March 1954. Also published in
Comptes Rendus, 238, 1194, 1954.

\12. Pecker, C., Billings, D. E., end Roberts, W. 0., "Identification
of the Yellow Coronal Line 5694.4", HAO Solar Research
Memorandum No. 22, 24 February 1954. Also published in
Comptes Rendus, 2D, 1101, 1954 and submitted to Al J.

*Note:

The reports designated by an asterisk are RAO Solar Memoranda,
which are informal and preliminary reports drawn up for
distribution on a limited basis primarily at HAO, Harvard, and
Sacramento Peak (UARO). In general the memoranda have as their
subject new ideas, or hypotheses, that have not yet been fully
tested for conformance with the observed facts or for consistency
with the established theoretical structure. This makes possible
detailed criticism of the proposed new work direction before
there is a large investment in research time. These criticisms
serve to indicate to us whether or not the new hypothesis merits
further study. Because this is the purpose of the memoranda,
it is not appropriate to give them wide circulation, even though
many later form the basis of publications in the technical
literature. We are, however, for the sake of completeness,
listing herein the HAO Solar Research Memoranda that have
arisen under the Yellow Line contract. One copy of each
Memorandum is attached.

B. Status Reports.

Five Status Reports (four quarterly and one seml-annual) were issued
covering all contract operations for the period from 1 February 1952
through 30 September 1953. This report, the Final Peport, summarizes
the work of the entire contract period from the inception of the
contract through termination.
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